In this paper, three barostat coupling schemes for pressure control, which are commonly used in molecular dynamics simulations, are critically compared to characterise the rigid MOF-5 and the exible MIL-53(Al) metal-organic frameworks. We investigate the performance of the three barostats, the Berendsen, the Martyna-Tuckerman-TobiasKlein (MTTK) and the Langevin coupling methods, in reproducing the cell parameters and the pressure versus volume behaviour in isothermal-isobaric simulations. A thermodynamic integration method is used to construct the free energy proles as a function of volume at nite temperature. It is observed that the aforementioned static properties are well reproduced with the three barostats. However, for static properties depending nonlinearly on the pressure, the Berendsen barostat might give deviating results as it suppresses pressure uctuations more drastically. Finally, dynamic properties, which *
Introduction
Molecular dynamics (MD) simulations have proven to be an indispensable tool in gaining insight in the microscopic behaviour of a broad range of materials, and are widely used to characterise, amongst others, biomolecules and nanoporous materials. 13 While the most basic MD algorithm solves Hamilton's classical equations of motion and predicts properties in the microcanonical ensemble, 4 most experiments are carried out under constant temperature and pressure. Hence, thermostat and barostat algorithms are introduced in the MD simulation to explicitly control the temperature and the pressure respectively. A variety of dierent algorithms exists, based on dierent equations of motion, to perturb the original system and to yield properties at constant temperature and/or pressure. However, these perturbations might lead to nonphysical artifacts, as was shown in recent critical assessments on the use of thermostats. 58 For barostats, prior work indicated that not all barostats predict the correct volume distribution function for isotropic systems, 9 but it was not further investigated how this aects the simulation results. Herein, such study is presented and a critical comparison is made of the inuence of barostats on the properties of metal-organic frameworks.
Temperature control in MD simulations was initiated by Turq et al. in 1977 , who applied the principle of Brownian motion to cool down a system, and so obtaining the Langevin equations. 10 These equations were later generalised by the group of Parrinello with the help of the canonical sampling through velocity rescaling (CSVR) thermostat 1114 and colored-noise thermostat, 1517 increasing both the eciency and the applicability of the simulations. In addition, pioneering work was performed by Andersen, who introduced stochastic collisions to equilibrate the temperature, 18 and by Berendsen et al., who proposed a completely deterministic method to control the temperature. 19 Another deterministic approach was also independently followed by Hoover et al., mulated by Hoover, resulting in the well-known Nosé-Hoover thermostat, 25 and extended by Nosé allowing to couple dierently to the various degrees of freedom of the system. 26 Martyna et al. introduced additional thermostat degrees of freedom in the so-called Nosé-Hoover chains, 27 which were recently extended to form Nosé-Hoover networks by Morishita. 28 While we will concentrate on the Langevin, Berendsen and Nosé-Hoover chain thermostat, it should be observed that the quest for new thermostats is still ongoing. Noteworthy results may be found in nonequilibrium simulations using dissipative particle dynamics, 29 faster equilibration techniques with the aid of log oscillators, 30 and advanced coupling methods between the thermostat and the original system. 31 Likewise, a plethora of barostats exists, starting with the work of Parrinello and Rahman, 32, 33 which was further explored by Nosé and Klein. 34 However, it was shown that the resulting equations of motion depend on the initial cell orientation, which is undesirable. 35, 36 Independently, Andersen, 18 Berendsen et al. 19 and Hoover 25, 37 developed deterministic barostats. The Hoover barostat was extended to account for uctuations in both cell shape and volume by Melchionna et al. 38 It was later observed by Martyna et al. that the proposed equations of motion were only correct in the limit of large systems. To account for this, they introduced their own equations in the Martyna-Tuckerman-Tobias-Klein (MTTK) barostat, 39, 40 which will be employed and tested in this work. Finally, the idea of the Langevin thermostat was extended to achieve pressure control, rst by only scaling the volume of the system, 9 but later on by also allowing the cell shape to uctuate. 41 Since these barostats aect the equations of motion, it is of the utmost importance to know the inuence of the various coupling schemes on the prediction of properties for dierent materials.
In this work, we will use and compare three of these barostat implementations, the Berendsen, MTTK and Langevin barostat, for the simulation of metal-organic frameworks (MOFs), a specic class of nanoporous materials consisting of metal oxides interconnected by organic linkers. These materials are envisaged to play an important role in applications such as gas storage, separation, catalysis and controlled drug release. 4245 While the synthesis of MOFs started only two decades ago, 4650 a continuously expanding set of MOFs is examined today to nd the ideal candidate for the aforementioned applications. 5157 However, for any of these applications, a mechanical characterisation of the MOF is a prerequisite. Indeed, before a MOF can be used as a porous catalyst material in a reactor, the MOF powder needs to be shaped, which involves pressures in the order of several GPa. 58 Moreover, exible
MOFs are also promising for the absorption of shocks or for the storage of other forms of mechanical energy because of their structural transitions at moderate pressures of several tens of MPa. 5964 Hence, to aid their further development, a complete understanding of the mechanical behaviour of MOFs over a broad range of pressures is essential.
In this article, two prototype materials are highlighted. The rst material, the highly exible MIL-53(Al), consists of aluminium oxide chains, which are interconnected by benzenedicarboxylate linkers. This material exhibits two phases, the closed-pore (CP) and the large-pore (LP) phase, with a relative volume dierence of 38% and belonging to a dierent symmetry group. For MIL-53 type materials, transitions between the two phases can be triggered by changing their relative stability through external parameters such as temperature, 64 ,65 pressure 59, 63, 64, 66 and gas or liquid exposure. 55, 56 Hence, MD simulations on MIL-53(Al) might critically depend on the applied thermostat and barostat. The second material at hand is MOF-5, 46 a rigid structure composed of zinc oxide centres and phenyl linkers. MOF-5 is renowned for its negative thermal expansion coecient, 67 and its predicted bulk modulus is veried based on experimental and computational studies. 68, 69 MD simulations have proven to be an essential tool in the fundamental understanding of the structural behaviour of these solids upon diverse stimuli and of the dynamics of guest molecules conned into their pores. Ford This work is organised as follows. In Section 2, a more precise notation is introduced to describe various thermodynamic ensembles. Next, an overview of the three barostats in this work, the Berendsen, MTTK and Langevin barostat, is given with focus on the dierences in their mechanism. Also, the methodology to derive the mechanical properties of interest is outlined. After stating the computational details in Section 3, the dierent barostats are applied in three distinct applications (Section 4). First, the reproduction of the unit cell parameters for the stable state of MOF-5 and the CP and LP structural phases in MIL-53(Al) is discussed with a selection of the relevant internal coordinates to characterise the structural transformation in MIL-53(Al) (Section 4.1). Second, internal pressure versus volume proles are constructed. From these proles, the transition pressure can be determined, and using a thermodynamic integration method, the free energy versus volume proles may be constructed (Section 4.2). In a third application, the transition pressure is derived via a dynamical analysis in Section 4.3. Finally, in Section 5, concluding remarks are made concerning the use of the dierent barostats, which are especially relevant when simulating metal-organic frameworks.
2 Theory
Thermodynamic ensembles
In order to fully describe the size and shape modications of exible materials such as MOFs, it is essential to introduce a unit cell tensor h that contains the three unit cell vectors a, b
and c as shown in Figure 1 . The unit cell tensor can be split up in the cell volume V = det(h) and a normalised unit cell tensor h 0 with det(h 0 ) = 1:
In the general three-dimensional case, the unit cell tensor h contains nine degrees of freedom. Three of them describe the orientation of the cell with respect to the chosen reference frame and are irrelevant for determining the physical properties of the system. Of the remaining six physical degrees of freedom, one is assigned to the volume, while the other ve are contained in h 0 and describe the shape of the unit cell.
An analogous separation can be applied to the external stress tensor σ, which is assumed to be symmetric. Indeed, any asymmetry results in a global rotation of the unit cell, and thus yields no additional information. This symmetric tensor with six degrees of freedom consists of a hydrostatic pressure P = Tr(σ)/3 and a deviatoric stress σ a with the remaining ve degrees of freedom
with Tr (σ a ) = 0. It will be shown in the Methodology section that the isotropic and anisotropic contributions to the stress tensor result in a dierent material response.
These four thermodynamic quantitiesV, h 0 , P and σ a can be used to dene a variety of thermodynamic ensembles. In Table 1 , an overview is given of the possible ensembles Table 1 : An overview of the dierent thermodynamic ensembles that can be considered when choosing the xed boundary conditions from the number of particles N , the volume V , the normalised unit cell tensor h 0 , the average hydrostatic pressure P , the average deviatoric stress σ a , the generalised enthalpy E (or H), and the average temperature T . For completeness, ensemble names which are conventionally used in standard MD software packages are included as well. The ensembles for which σ a = 0 are special cases of the more general ensembles dened in the upper part of the table.
Ensemble
dened by xing one or more of these four quantities, as well as the number of particles N , the total energy E or generalised enthalpy H, and the temperature T . The ensemble notation as used in common MD packages (DL_POLY, 80 lammps 81 and CP2K 82 ) is shown in the third column of Table 1 . These common names are not able to discriminate between all dierent thermodynamic ensembles. Hence, we need a decomposition of the unit cell and stress tensor into an isotropic and anisotropic part to unequivocally label the ensembles and assign the quantities which are kept constant. In the remainder of this paper, the extended notation that is proposed in the rst column of Table 1 will be systematically adopted to avoid any confusion.
Barostats used to control the pressure
For this comparative study, three distinct barostats were considered and implemented in Ya, our in-house developed software package for MD simulations. 83 We explicitly refer to this software package for the implementation, as it was shown that the choice of discretisation technique can inuence the simulation outcome, even when starting from the same equations of motion. 8486 An overview of the investigated barostats is given in Figure 1 , in which the instantaneous pressure tensor P i is dened as
In Eq. (2.3), V is the volume occupied by the system consisting of N particles with masses m j and momenta p j , and Ξ is the virial tensor as dened in Section 1 of the Supporting Information. The instantaneous (scalar) pressure P i is found as the average of the diagonal elements of the pressure tensor:
These denitions naturally emerge when considering a Hamiltonian derivation of the equations of motion for a system under conditions of a constant external pressure, as shown in Section 1 of the Supporting Information.
The aim of each barostat coupling method is to alter the instantaneous pressure tensor P i such that on average the external stress σ is retrieved. Not only the method to achieve this condition diers for each barostat, but also with a given barostat implementation, dierent results can be obtained by tuning the inuence of the barostat on the system. This last eect is quantied by the barostat relaxation time τ P . This input parameter introduces a time scale for the system to respond to an external pressure. Hence, a low barostat relaxation time indicates a very aggressive barostat, which strongly interferes with the dynamics of the system. In the other limit, barostats with a high relaxation time inuence the system much less abruptly, and the system will need more time to adapt to a new pressure condition. Figure 1 : An overview of the dierent barostats compared in this work, and how they handle the pressure control via rescaling of the unit cell tensor h. Some dependencies of the positions and momenta are omitted for clarity, as well as the eect of coupling to a thermostat. In this work, we always assume σ a = 0, and thus σ = P 1.
the limit for τ P → ∞, no pressure control is present.
The rst barostat employed in this study was introduced by Berendsen and co-workers in 1984. 19 In their Berendsen barostat, both the positions r j of the particles and the cell tensor h are rescaled at every integration step with the matrix µ = 1 + β(P i − σ)∆t/τ P . Here, β is the isothermal compressibility. This step aims at an exponential damping of the dierence between the instantaneous internal pressure P i and the external stress σ, as is shown in the left branch of Figure 1 . However, this strong damping of the pressure dierence P i − σ is unphysical, and disfavours strong uctuations in both kinetic and potential energy. While the Berendsen barostat succeeds in imposing the average hydrostatic pressure P i , it fails to retrieve the correct uctuations of this instantaneous pressure, articially reducing the variance of P i , as shown below. An analogous technique is used in the Berendsen thermostat, for which it was shown that the resulting temperature distribution deviates from the theoretical distribution. 87 The second barostat technique in this work is the algorithm proposed by Martyna, Tuckerman, Tobias and Klein, the MTTK barostat. 39, 40 The method can be seen as the natural extension of the Nosé-Hoover and Nosé-Hoover chain thermostat. 25, 27 In their barostat, a cell momentum tensor p g is associated with the unit cell tensor h, and drives the uctuations of this unit cell tensor. The equations of motion of the cell momentum tensor p g depend on both the kinetic energy E kin and the dierence between the desired isotropic stress tensor σ = P 1 and the instantaneous pressure tensor
The barostat mass W , Thanks to the deterministic nature of the MTTK barostat, one can theoretically reverse time to propagate the system backwards. Furthermore, this method is characterised by a conserved energy, which proved to be a fast initial verication of the implementation.
The third barostat under consideration is the Langevin piston method, 9,41 which is based 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 on the Langevin thermostat. 10 As in the MTTK barostat, the unit cell tensor h has a cell momentum tensor p g associated to it. The equations of motion resemble Eq. (2.5b), but an additional damping force −γ P p g and stochastic force R P are introduced:
with γ P the damping coecient, which is proportional to 1/τ P . The magnitude of R P is coupled with γ P , and hence τ P , through the uctuation-dissipation theorem. These two new terms introduce a Brownian motion for the cell momentum tensor. Consequently, the system decorrelates faster in time, but the algorithm is no longer time-reversible. This barostat is represented in the right branch of Figure 1 .
Despite their dierences, the MTTK and Langevin barostat should yield the correct ensemble, in contrast to the Berendsen barostat. To illustrate this, the probability density function (PDF) of the instantaneous pressure P i in an MD simulation of MIL-53(Al) is examined using the three barostats. The MD simulation is performed in the (N, P, σ a = 0, T ) Internal pressure of MIL-53(Al) in a (N, P, σ a = 0, T ) simulation (1 MPa, 300 K) using the three barostats under study and starting from the metastable LP structure at 0 K. Left: Probability density function (PDF), generated over a simulation time of 800 ps. Right: Running average of the internal pressure, generated for the rst picosecond.
Methodology for the mechanical characterisation of MOFs
As mentioned in the introduction, various properties will be derived from the MD simulations.
For this, two types of ensembles will be used, which are outlined below. To assess the performance of the three barostats under consideration, MD simulations are carried out for the two metal-organic frameworks (MOF-5 and MIL-53(Al)) at 300 K and with an isotropic external pressure. These conditions fall under the category of a (N, P, σ a = 0, T ) ensemble (see Table 1 ). Several simulations have been performed with a pressure between 100 kPa and 1 GPa, starting from the optimised large-pore structure at 0 K for MIL-53(Al) or the global optimised structure at 0 K for MOF-5. For MOF-5, special attention is paid to the stability of the cell parameters and the internal geometry. For MIL-53(Al), it is investigated in which of the two states the system will reside during the simulation: the large pore (LP) or the closed pore (CP). The unit cell volume is here taken as criterion:
when it crosses a threshold volume V tr , we assume that a transition between the two phases has taken place. For MIL-53(Al), a threshold volume V tr = 1000 Å 3 is chosen, based on 13 the volumes of CP and LP structures obtained in earlier work. 59, 65 For further analysis, we also dene the time to transition t LP→CP as the time needed for the system to undergo this LP-to-CP transition in an MD simulation starting from the LP phase (see Figure S.1):
While the (N, P, σ a = 0, T ) ensemble is the most used ensemble to describe materials under constant pressure, a new ensemble will be used to extract the free energy prole and derived properties, such as the transition pressure and the bulk modulus. This free energy
prole is generated at a nite temperature, since it was shown that temperature plays an important role in determining the mechanical properties of MOFs. 89 For the determination of these mechanical quantities, we propose the use of the (N, V, σ a = 0, T ) ensemble. In this ensemble, the volume V and the deviatoric stress σ a are kept xed, while the cell shape and isotropic instantaneous pressure are not constrained. In practice, this ensemble can be derived from the MTTK barostat in Eq. (2.5). Indeed, the update of the cell volume V and the normalised unit cell tensor h 0 can be completely separated. By using Eq. (2.1), the equations of motion may be rewritten asV
where we replaced the full cell momentum tensor p g by a scalar part p g and a tensorial part 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 (2.5a), two barostat masses W 1 and W 2 are introduced, which can be chosen independently.
Next, the instantaneous pressure is split into an isotropic and an anisotropic part as 
which is completely independent of the isotropic pressure P . Hence, the equation of motion of p g,0 , and thus also the equation of motion of the normalised unit cell tensor h 0 , only depends on the deviatoric internal stress σ i,a . Finally, we can choose W 1 → ∞, in which caseV = 0: the cell volume is kept xed. However, the cell shape can still uctuate through the second set of equations, Eqs. (2.9c2.9d), since W 2 remains nite. Hence, we nally arrive at the (N, V, σ a = 0, T ) ensemble. A similar procedure can be applied for the Berendsen and Langevin barostat, so that this new ensemble can be implemented for all three pressure coupling methods.
From the MD simulations in the (N, V, σ a = 0, T ) ensemble, the ensemble average of the instantaneous hydrostatic pressure P i is measured. Our choice of ensemble ensures that the system can relax its structure under the sole constraint of a constant volume. Since the hydrostatic pressure is the negative volume derivative of the free energy, one can compute this free energy relative to some reference point via thermodynamic integration:
In practice, the integration is carried out by performing (N, V, σ a = 0, T ) MD simulations at a series of volumes in a closely spaced volume grid, to numerically approximate the integral of Eq. (2.11) by a nite sum. In this paper, the initial structures for these (N, V, σ a = 0, T ) simulations, which need to have the correct volume V , are taken as snapshots from a regular (N, P, σ a = 0, T ) simulation. To generate these snapshots, the (N, P, σ a = 0, T ) simulation is started at a suciently large volume V M and a suciently high external pressure P , so that the structure will shrink, and reach a minimal volume V m after sweeping through
If one is interested in an initial structure with unit cell volume
, a snapshot of the system is taken with a unit cell volume V i which is the closest to V , and diers by maximally 1 Å 3 for MIL-53(Al) and 2 Å 3 for MOF-5. Any remaining mismatch between V i and V is removed by rescaling the unit cell tensor and the coordinates isotropically by a factor (V /V i ) 1/3 . The volume grid spacing is chosen larger than 2 Å 3 , so that two neighbouring volume grid points will always start from a dierent initial conguration.
A series of (N, V, σ a = 0, T ) simulations also leads to the determination of the bulk modulus, which gives information about the elasticity of the MOF. Dierent denitions are used throughout literature. 9193 In this work, the bulk modulus K at a given volume V will be determined based on the monitored P i , following the relation
Here, P i as a function of the volume is rst tted by means of a polynomial, so that the integration of Eq. (2.11) and the derivative of Eq. (2.12) can be carried out analytically, hence reducing the noise. The degree of the polynomial is always odd, in order to correctly describe the asymptotic behaviour of the free energy. The maximal polynomial degree is chosen such that no overtting issues arise, i.e. the Vandermonde matrix corresponding to the t cannot be rank-decient.
Computational details
In this work, all MD simulations are carried out in either the (N, P, σ a = 0, T ) or the (N, V, σ a = 0, T ) ensemble, in which the number of particles is kept xed, and the temperature as well as the deviatoric internal stress are controlled. Additionally, in the rst ensemble, the average isotropic pressure is imposed to be constant, while the volume is kept xed in the second ensemble. All these simulations are carried out at a temperature of T = 300 K, using in-house developed force elds which contain covalent, electrostatic and van der Waals contributions. 94 simulations. VMD was used to visualise dierent snapshots of the simulations. 96 For the initial structure of the (N, P, σ a = 0, T ) simulations, the equilibrium state at zero pressure and temperature is taken. The LP state was chosen for MIL-53(Al). For MIL-53(Al), simulations were carried out with a xed isotropic pressure P between 100 kPa and 1 GPa in nine pressure steps. This broad pressure range is in accordance with the range required to fully characterise the exible material, as mentioned in the introduction.
For every pressure, 100 simulations were carried out for the MTTK and Langevin barostat. 
Results and Discussion
The dierent barostats and corresponding relaxation times will be tested on a variety of properties. In Section 4.1, we will discuss the geometry and stability of the closed-pore (CP) and the large-pore (LP) states of MIL-53(Al), as well as of the equilibrium state of MOF-5. The cell parameters will be determined, and compared with experiment. Moreover, for MIL-53(Al), internal coordinates will be dened that are shown to play an important role in the LP-to-CP transition. 59 In Section 4.2, the free energy prole will be derived for both materials, allowing to estimate the bulk moduli and transition pressures. The transition pressure can also be determined directly via a set of (N, P, σ a = 0, T ) simulations, which are performed in Section 4.3. ulation time for the Berendsen barostat, however, does not yield an appropriate alternative due to other well-known artifacts of that barostat. 5, 6 (N, P, σ a = 0, T ) MD simulations at higher pressures, up to 1 GPa, were also carried out, leading to the same conclusions regarding the performance of the barostat and barostat relaxation time. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 3m) of MOF-5, 46 and yield the space group Pmma for the LP structure and P2/c for the CP structure of MIL-53(Al). These symmetry groups correspond to those found experimentally, when correcting for the fact that the simulated BDC linkers have a small and opposite tilting, which is not easy to observe via XRD due to the small reectance of the carbon atoms, and the associated large error on their positions. 65 For the reproduction of the CP structure in MIL-53(Al), some deviation from experiment is noticed, but this is probably due to a forceeld eect, as has been reported earlier. 94 A similar analysis, carried out for the cell angles α, Figure 5 , indicates a rotation of the phenyl linker with respect to the metal center about the OO axis, which was found to act as a kneecap during the LP-to-CP transition. 98 Again, four such angles are found for each metal center. For this torsion angle, the IUPAC convention is used, 99 where the negative angles, in the range [−180 • , present in the unit cell of MIL-53(Al) in both the large-pore (full line) and the closed-pore (dashed line) structure at 300 K and 1 MPa, using the three barostats and barostat relaxation times as indicated in the text. The darker the colour, the higher the barostat relaxation time τ P ∈ [1 ps, 5 ps, 10 ps].
To investigate the change of these internal coordinates, (N, P, σ a = 0, T ) simulations at 300 K and a hydrostatic pressure of 1 MPa are carried out. For the MTTK and Langevin barostat, one simulation starting at the LP structure was sucient to sample both the large pore and the closed pore extensively, since a transition to the CP structure was found about mid-way the simulations (see for instance 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 • , of the AlO C CC dihedral angles, in • , present in the unit cell of MIL-53(Al) in both the large-pore (full line) and the closedpore (dashed line) structure at 300 K and 1 MPa, using the three barostats and barostat relaxation times as indicated in the text. The darker the colour, the higher the barostat relaxation time τ P ∈ [1 ps, 5 ps, 10 ps]. structure, since no LP-to-CP transition occurs at a pressure of 1 MPa.
For the O C AlO C angle, we deduce from Figure 4 that the LP-to-CP transition splits the 90
• peak into two peaks, at 80
• and 100
• , separated by a valley in the probability density around 90
• . This indicates that, upon transition to the CP structure, two of the phenyl linkers approach each other, decreasing their internal angle by 10
• . This behaviour is 23 This splitting at the CP phase is independent of the barostat and barostat relaxation time.
However, the LP peak is slightly narrower when using the Berendsen barostat, conrming once again that the Berendsen barostat does not exactly reproduce the results from the MTTK and Langevin barostat in the LP structure.
Free energy landscapes
Following the method outlined in the Methodology section, (N, V, σ a = 0, T ) simulations can be used to generate pressure and free energy proles as a function of the unit cell volume for MIL-53(Al) and MOF-5. In Section 3.4 of the Supporting Information, we also included the free enthalpy proles at dierent pressures, yielding an alternative method to follow the discussion below. From these proles, one can deduce the stable and metastable states, as well as the transition pressures and bulk moduli. For all simulations reported in this section, the rst 100 ps of the trajectories are regarded as an equilibration period, and properties are derived from the remaining 700 ps (MIL-53(Al)) or 500 ps (MOF-5).
Transition pressure for MIL-53(Al)
As was outlined previously, the (N, V, σ a = 0, T ) simulations allow to determine the average internal pressure P i , which is exerted by the material on its environment, as a function of the unit cell volume V . Subsequently, an eleventh-order polynomial P i (V ) is tted to these results for MIL-53(Al) (see Table S This pressure prole also predicts how the structures evolve when decreasing or increasing the external pressure, since in equilibrium the internal pressure equals the external pressure.
The P i (V ) graph shows two extrema: a minimum at P CP→LP and a maximum at P LP→CP .
In between these two pressures, one always encounters three structures (a transition state, a metastable and a stable state, as is clear from the free enthalpy proles for these pressures, Summarising, when starting from MIL-53(Al) in the LP phase at a pressure for which this phase is either stable or metastable, the volume of the material will systematically decrease with increasing pressure. Once the pressure reaches P LP→CP , the structure goes over from the metastable LP to the stable CP phase with a volume reduction of about 35% since the LP minimum in the free enthalpy disappears (see Fig. S.6 ). The material remains in this phase when further increasing the pressure. In Section 4.3, it will be discussed how fast this transition takes place. The reverse transformation occurs when starting from a CP structure at high pressures, for which it is again either stable or metastable. When systematically decreasing the external pressure, the material transforms from the metastable CP into the stable LP structure once the pressure reaches P CP→LP , corresponding to the disappearance of the free enthalpy minimum. Hence, for an external pressure in between these two transition pressures, the two phases may coexist as a stable and a metastable phase, and the phase observed during an experiment depends on the prior external conditions. 59 The pressure Table S.7. structure to shrink to the more deeply bound CP structure without external stimuli. Again, it is seen that the choice of the barostat relaxation time does not inuence the free energy prole. A free energy dierence between the CP and the LP states of 27.628.8 kJ/mol is predicted, while the barrier height amounts to 2.03.2 kJ/mol (with respect to the LP structure), depending on the barostat relaxation time. To the best of our knowledge, no experimental information is available on the free energy dierence between these two phases, and only recently the internal energy dierence was accessed experimentally. 104 For MOF-5, shown in Figure 7 , similar conclusions can be drawn, where it is observed that all barostats nearly coincide within the given sampling error of 0.02 kJ/mol. For this material, a fth-order polynomial t of P i as a function of V was carried out (see Table S .5).
As indicated in Eq. (2.12), the bulk modulus can be calculated based on the internal 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 simulations, where bulk moduli in the range of 14.4 GPa to 20.0 GPa are reported near or at 0 K. 68, 77, 105111 Force-eld simulations furthermore show that the MOF-5 bulk modulus systematically decreases with increasing temperature, reducing to 4.016.66 GPa at 300 K. 108, 109 For MIL-53(Al), the bulk modulus of the CP structure amounts to 3.333.66 GPa, while the LP structure yields a lower bulk modulus of 1.582.58 GPa, both calculated using the three barostats with dierent relaxation times. The lower bulk modulus for the LP structure conrms the intuition that the open structure is more easily compressed than the CP structure. Experimentally, a bulk modulus of 0.35 GPa for the LP phase at 300 K was reported by Yot et al. 59 Ongoing experiments in this research group indicate a CP bulk modulus of circa 10 GPa at 300 K.
When comparing the pressure distributions imposed by the dierent barostats in Figure   2 , it was observed that the Berendsen barostat suppresses pressure uctuations, and hence is unable to sample the isobaric ensembles exactly. As shown in Figure S the correct mean will result in the same average internal pressure, explaining the coinciding results in Figure 6 and Figure 7 . However, it is expected that the Berendsen results will vary appreciably when the properties under interest do no longer vary linearly. For instance, an alternative way to calculate the bulk modulus of a material is based on the following formula:
For MIL-53(Al), this bulk modulus is calculated based on the (N, P, σ a = 0, T ) trajectories In the method outlined above, the transition pressure for MIL-53(Al) could be determined from the construction of a P i versus V prole from a series of (N, V, σ a = 0, T ) simulations at dierent volumes. One can argue that one straightforward (N, P, σ a = 0, T ) simulation for a small set of pressures P will reveal the same information, while fewer simulations are needed. The idea is that, when we perform a simulation at a given pressure P and observe the system shrink from the LP to the CP structure, we assume that the pressure P of the simulation is higher than the mechanically required transition pressure P LP→CP . In contrast, if no transition is observed, it is assumed that the pressure P of the simulation is lower than the transition pressure P LP→CP . As such, one canin principleeasily determine the transition pressure P LP→CP by choosing a small set of well chosen pressures. Moreover, this method would also allow us to determine the time t LP→CP the system needs to undergo this transition (Eq. 2.8). This could reveal new insights in the transition process, since to date, no experimental tools are able to capture this transition time as it occurs too fast.
112
For the Berendsen barostat, we observe that the occurrence of a LP-to-CP transition within the simulation time of 800 ps at a certain pressure depends on the barostat relaxation time. For τ P = 1 ps, a pressure of 30 MPa suces to steer the structure from the metastable large pore into the stable closed pore. Upon increasing this relaxation time to 5 ps, a pressure of 1 GPa is needed, while no transition is seen for P ≤ 1 GPa when using a relaxation time of 10 ps. Doubling the simulation time to 1.6 ns did not alter these ndings.
While the rst result is in agreement with experimental observations predicting a transition pressure of 1318 MPa, 59 it is clear that the dependence on relaxation time is unphysical, and should be avoided. For the MTTK and Langevin barostat, the time to transition t LP→CP ,
averaged over 100 simulations, shows a completely dierent behaviour, as can be seen in the central pane of Figure 8 . A LP-to-CP transition is observed for all pressures, including the low pressures to the left of the vertical line P LP→CP,exp in this gure, in contrast to the experimental observations. Moreover, we observe that the average time to transition t LP→CP clearly increases when increasing the barostat relaxation time. Note that these average times to transition are relatively fast, independent of the relaxation time, supporting our choice to limit the total simulation time to 800 ps. This eect is not completely unexpected: the barostat relaxation time τ P determines how fast the unit cell tensor h, and hence the volume V , can respond upon external pressure stimuli, and will hence regulate the time it takes for the metastable or unstable LP structure to shrink to the stable CP phase. These results indicate that the barostat coupling method cannot be used to determine dynamic variables directly related to the movement of the unit cell tensor as a whole, such as this average time to transition, since it depends on the chosen barostat relaxation time.
However, in Section 4.2, we succeeded in determining the transition pressure, a static variable, from the free energy prole. The same information should be present in this dynamic characterisation, albeit possibly overshadowed by the interference of the barostats.
To extract this information, we will rely on a statistical model to describe the transition, as outlined in Appendix A. For every given choice of barostat, barostat relaxation time and pressure, we determine whether the simulated time to transition can best be described using a Poisson model, mimicking rare events, or using a Gaussian model, corresponding to a spontaneous transition. We introduce the ratio R as the ratio of the likelihood that the process can be described by a Gaussian or a Poisson model. Also indicated are the experimental transition pressure P LP→CP,exp and the transition region P LP→CP,sim predicted via our statistical analysis. In the side panes, the probability density function (PDF) for the time to transition is displayed for two selected pressures, and consists of 100 independent simulation results carried out with the MTTK barostat and a relaxation time of 1 ps. Other pressures are shown in Figure S .9 of the Supporting Information.
If we apply a large external pressure P , higher than the transition pressure, we expect that the system immediately adapts to this pressure, and shrinks early in the simulation to the CP phase (low t LP→CP ). The only variation in this time to transition is due to dierent initial conditions, so that we can describe these high-pressure transitions as a Gaussian process. Furthermore, an increase in the applied pressure will increase the steering force, and hence decrease the observed time to transition. This is indeed observed in the highpressure regime of Figure 8 , extending from about 30 MPa, where the transition can be described by a Gaussian process, and is hence spontaneously occurring at these pressures.
Also the large ratio R ∼ exp(100) in Figure S .8 evidences this observation.
In contrast, if we apply an external pressure P much lower than the transition pressure, a LP-to-CP transition is not expected. However, we still observe a phase transformation during a (N, P, σ a = 0, T ) MD simulation at times much larger than in the high-pressure regime. shown during an (N, P, σ a = 0, T ) simulation at 300 K and at a pressure of 1 MPa, lower than the LP-to-CP transition pressure. For the particular simulation displayed in Figure   S .1, the time to transition t LP→CP takes place at about 320 ps. This whole reasoning is built upon suciently large pressure amplitudes, which, for a given force eld, can depend on the size of the simulation cell and the barostat properties. Experiment is not able to elucidate this process, since it occurs too fast. 112 Moreover, since the pressure uctuations at 300 K and at low pressures are dominated by temperature eects, these transitions are expected to be quasi independent of the applied external pressure, resulting in t LP→CP being fairly independent of P . This low-pressure behaviour is indeed observed in Figure 8 , up to a pressure of about 10 MPa. Furthermore, Summarising, the (N, P, σ a = 0, T ) simulations allow to determine the LP-to-CP transition pressure (1030 MPa), but fail to determine dynamic quantities which are directly related to cell uctuations, as the system is perturbed by the barostat. Not only is this method less accurate than the (N, V, σ a = 0, T ) simulations of Section 4.2, it is also less ecient. For the (N, P, σ a = 0, T ) simulations, a lot of trajectories (here: 100) are needed for every pressure to obtain reliable statistics, while for the (N, V, σ a = 0, T ) simulations, a few trajectories per volume grid point suce to determine the P i (V ) prole and its error.
Conclusions
In this work, we have compared three dierent barostat implementations, the Berendsen, In summary, while the Berendsen barostat can be eciently used to equilibrate a system, it was shown that it should be used with caution when one wishes to obtain accurate results from MD simulations, especially when considering exible materials. Moreover, we observed that both the MTTK and Langevin barostat yield the same results, and are in agreement with experimental results for the calculation of static variables. Hence, the choice between the MTTK and Langevin barostat is a matter of taste or necessityfor instance, only MTTK can be used when one needs to integrate the equations of motion backwards, e.g. as needed
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This distribution is completely dened by only one parameter t 0 , the decay constant. In the Supporting Information, the estimator t * 0 is introduced as the value of t 0 which maximises the likelihood of the distribution, 113, 114 which can be seen as the best estimator for t 0 . As outlined in the Supporting Information, the 1σ condence interval of t * 0 , given the uncorrelated data X = {X 1 , ..., X N } consisting of N observations, is
where X denotes the sample mean.
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